Introduction
Over the last few years, a dynamic development in the field of physics related to the phenomenon of the negative refrac− tion of the electromagnetic wave (Left−Handed Materials) has been observed. The theory referring to such material existence was proposed by Veselago in 1967 who in his paper has presented the entire and coherent consideration of an imaginary phenomenon [1] . For many years, this issue has not been discussed due to its purely theoretical nature and lack of practical capacity to manufacture such materials. The ground−breaking moment was the appearance of Pendry's papers presenting the practical implementation of the metamaterials [2, 3] .
Metamaterial structures are typically manufactured on dielectric surfaces (host material) with metallic inclusions arranged periodically. An elementary cell should be much smaller than the wavelength. Short wires are usually respon− sible for the negative permittivity [4] and metallization in spiral−shaped resonators (SR) or split ring−shaped resona− tors (SRR) is responsible for the negative permeability [5] [6] [7] . Those properties are observed in the narrow fre− quency bands. Metamaterials can be applied in antennas in many ways. For example, the split ring resonator was used to construct an artificial magnetic conductor (AMC) for low−profile antennas [8] [9] [10] . The negative magnetic perme− ability material (MNZ) was considered for use in the minia− turization of an antenna element [11] [12] [13] . Additionally, transmission line with a negative refractive index (NRI−TL) has been applied in order to widen the bandwidth, to im− prove the antenna efficiency as well as to miniaturize its structure [14] [15] [16] . Finally, the NRI−TL was used to design a leaky−wave antenna [17] [18] [19] .
In order to avoid grating lobes in the typical broadside antenna, the antenna's elements must be separated by the dis− tance less than the wavelength in the free space (d < l f ). Such position causes low isolation between the antenna's elements and a deformation in the radiation pattern. The single nega− tive MNZ metamaterial is an effective isolator which can be used to minimize the mutual coupling [20] [21] [22] .
Currently, such types of structures are mainly manufac− tured with the aid of complicated and time−consuming methods such as photolithography -printed circuit board (PCB) [23, 24] , and electron−lithography [25] . Therefore, there is a great need for the new and alternative methods for manufacturing such structures.
The method proposed by us stands for the direct AlN ceramics surface metallization in the laser micromachining process. The low−ohm paths manufacture allows to deploy such manner of producing PCB circuits to realize SR struc− tures. A great asset of using the laser micromachining is a possibility to quickly prototype the designed structures directly on the material surface.
Conductive layout manufacturing on the AlN ceramics with a laser beam
The AlN ceramics (aluminium nitride) is a material having good dielectric parameters (e r = 8.6), high thermal conduc− tivity (180 W/m°K) [26] and the possibility of its surface di− rect metallization by means of laser radiation [27] [28] . The process of producing conductive structures mainly results from the construction of the material itself (aluminium and nitrogen bonds). Therefore, by the action of a high energy laser beam on the non−conductive aluminium nitride sur− face, breaking of aluminium and nitrogen bonds occurs according to the following process
The conductive aluminium areas are created on the dielectric surface under the application of laser beam energy equivalent to the increase of the spot temperature (within the 2000 to 2500°C range). In order to reach this heat level, the Yb:glass (1.06 μm) fibre pulse laser with maximum average power of 20 W and pulse duration of 100 ns was used. The pulse peak power was 8 kW (@ pulse repetition rate PRR = 20 kHz). During the process the conductive alu− minium "paths" are formed on the dielectric surface as nitrogen is released to the atmosphere. The resonant circuits were manufactured by the laser beam interacting with the AlN ceramics surface in the surrounding of air. The tested aluminium path (the length of 15 mm and the width of 1 mm) created by the laser beam had the resistance of around~0.25 W/. The air environment causes the appear− ance of a large amount of a destructive factor in form of alu− minium oxide (Al 2 O 3 ) which arose in the pure aluminium oxidation process [29, 30] .
A significant element in improving the obtained resis− tance of the manufactured circuits was carried out during the process of the direct AlN ceramics metallization in the company of the process gas -argon. Figure 1 shows a sche− matic of the proposed method on producing the conductive structures in which aluminium nitride was placed in a cham− ber with a slight argon overpressure (1-1.1 Bar). The laser beam generated from the Yb:glass laser by a galvanometric scanner (two mirrors changing the angle of the beam) was directed to the surface of the work piece by the transmission window placed on top of the chamber.
The transfer of the process from the air to the noble gas environment (argon) allowed to obtain the low−ohmic struc− tures with a resistance of less than < 0.15 mW/. (Fig. 2 plots the measured resistance characteristics).
Figure 2(b) shows that the resistance is mainly depend− ent on the overlap, not fluence. Increasing the overlap of successive laser pulses (the so−called 'overlap parameter') not only reduces the resistance of the path, but also length− ens the process. From the practical point of view, the studies have been limited to the overlap of 99.5%. Figure 3 presents the scanning electron microscope (SEM) image and the results of the energy−dispersive X−ray spectroscopy (EDX) multipoint analysis of the fragment of an exemplary resonant circuit formed on the AlN ceramics surface using the fibre laser in the air. The measuring points denoted in the picture have been randomly selected in and off the area treated by the laser beam. For points 1-4 located in the area outside the laser beam radiation, the weight ratio of particular elements is almost at the equal level. A vital increase of the aluminium amount along with a simultaneous nitrogen reduction is visible for points 5-12. In particular, points 5-8 can be distinguished (the highest amount of aluminium) due to higher local inten− sity of laser radiation.
Spiral resonator manufactured on AlN ceramics to filter the coupled wave between patch antennas
A noteworthy aspect of the presented method is the pos− sibility to manufacture a designed structure for example SR without any need to prepare a mask as opposed to the tradi− tional lithography. This fact significantly influences the reduction of the designed structures manufacturing time. Additionally, the above conditions allowed to manufacture any surface structure having the resolution of 40 μm.
The model of antennas and SR structures
Spiral Resonator is one of the most well−known structures featuring negative permeability over the narrow frequency band. The resonance frequency of the single metamaterial cell has been estimated as [31] 
where L SR is the inductance of the metallized path in SR and C SR is the capacitance between two parallel strips in SR. This value can be calculated as follows [32] 
where D 1 is the length for which SR rolls are adjacent to each other, W 1 is the distance between metallic lines in SR, W 2 is the metallic line width in SR (Fig. 4) . 
where L l is self−inductance of a planar strip, M l is mutual in− ductance of two parallel planar strips, l is the length of the strip, w is total width of the metallization rolls, h is the dis− tance between the parallel strips, μ 0 is the vacuum permea− bility. C SR capacitance can be calculated with the use of the fol− lowing equation [33] 
where K is the first kind of elliptic integral and k = W 2 / (2W 1 +W 2 ), e r is the relative permittivity, e 0 is the vacuum permittivity, l D tot = 1 is the length for which SR rolls are adjacent to each other.
The estimated values from Eqs. (2)- (6) are: C SR = 0.29 pF, L SR = 14.96 nH, f = 2.41 GHz.
The geometric dimensions of the designed SR are shown in Fig. 4 . The dielectric substrate on which the metallization by laser micromachining was performed is AlN with the thickness of 0.5 mm and the electric permittivity which equals e r = 8.6. A single cell size is 6 x 6 mm. The thickness of the paths and the spacing between the lines equals 0.3 mm.
In order to determine the geometrical dimensions of a single metamaterial cell, the simulations in the CST Microwave Studio have been performed. Figure 5 displays the S parameters of the SR excited by the TEM wave. The attenuation frequency band of this structure is 100 MHzwide and was observed at 15 dB level.
The SR structures were manufactured when using the above described method for parameters as Fluence = 100 J/cm 2 , PRR = 20 kHz, h = 0.02 mm, process gas -argon. The total fabrication time for a single piece equalled 2 minutes. In the AlN ceramics surface direct metallization process, due to the interaction of a laser beam, part of the material evapo− rates leading to the formation of a small crater on the ceram− Opto−Electron. Rev., 21, no. 4, 2013 P.E. Koziol ics surface. While designing the SR structure the furrow in the material was included at a level of 120 μm and the metallization thickness of 30 μm. Figure 6 (a) illustrates the physical realization of the SR element. The conductive paths were manufactured by a direct laser writing. The path of the 300 μm width has been written in nine lines [ (Fig. 6(b) ]. The profile measurement shows the depth of the laser micromachined profile at a level of 100 μm [ (Fig. 6(c)] .
The SR cells display the filter properties only for a strictly defined polarization in case of which the magnetic field propagates perpendicularly to the plane with metal− −dielectric elements. Therefore, in order to determine the usefulness of such structures' usage in antennas of a lower parasitic coupling level, two−elements antenna array as a planar microstrip structure was designed. The magnetic field distribution between antennas' elements for this model is shown in Fig. 7(a) , where H x component is the dominant component of the magnetic field between the antennas' elements.
The optimal solution for the SR structures' analysis is setting them crosswise in a row between the antennas' ele− ments. The physical realization of the above model was pre− sented in Fig. 7(b) . For its implementation, the RO4003 laminate with the thickness of 0.203 mm and the dielectric permittivity (e r = 3.55, d = 0.0027) has been used. The polypropylene plate having the thickness of 6 mm (e r = 2.2, d = 0.0018) has been added in order to increase the profile of the antenna below the laminate. The distance between the antennas' elements is 65 mm (d » l/2 for 2.35 GHz). The spacing between the SRs in the line is 3 mm.
Results and discussions
The SR line has been placed with a spiral bending clockand counter -clockwise, as illustrated in Fig. 8 , where the measured plots are included. The first case (c1) denoted with the red line stands for S21 measured without any SR inserted between the patch pair. The second and third cases (c2 and c3, the green and blue lines, respectively) were recorded for 17 SRs inserted into the substrate. In case of the c3 antenna the operating band is getting narrower.
The reason for a bad match in the c3 case is the strong electric field between the lines in the SR, which changes the parameters of the substrate and impedes the antenna. The additional mutual coupling suppression related to the meta− material presence is 9 dB and 7 dB in case of c3 and c2, respectively. Furthermore, in case of c2 the match is slightly shifted in the frequency. The influence of the SR elements on the characteristics of the antennas' radiation was specified on the basis of the measurements made in the anechoic chamber for the two planes E0 and E90.
The influence of the SR row consisting of 17 elements on the characteristics of the radiation pattern in the E90 plane is slight [ (Fig. 9(a) ]. However, in the E0 plane [ (Fig. 9(b) The application of a different substrate required the SR structure design including the material parameters (e r = 3.38, tan = 0.0021, thickness 20 mils / 508 μm), so that the scope of their work overlaps with the scope of work for the SR components made of the AlN ceramics. The total length of the metallization strip, which largely depends on material permittivity, together with the structure shape are presented in Fig. 10(a) .
The results of the conducted measurements are presen− ted in Fig. 10(b) . The structure manufactured on the AlN ceramics (green colour) has a broader band (100 MHz) for− bidden with reference to the cells made on the RO4003 lami− nate (blue line). The maximum suppression value in peak is comparable for both sets of the SR structures manufactured by the two methods.
Conclusions
In this paper a novel method for the metamaterial manufac− ture with the use of laser micromachining on the AlN ceramics has been proposed. The technology of this process has also been demonstrated. The resistance at the average level of 0.7 W on the length of 22.8 mm and the width of 0.3 mm allows to manufacture the SR. An improvement of the mutual coupling from -22 dB to -29 dB, or to -31 dB depending on the SR arrangement in the antenna has been obtained. The results for the two presented methods are comparable. The method proposed by us enables quick veri− fication of the designer structures since, contrary to the tra− ditional photolithography, it does not require preparing adequate masks.
